Symbiotic microbes help a myriad of insects acquire nutrients. Recent work suggests that insects 26 also frequently associate with actinobacterial symbionts that produce molecules to help defend 27 against parasites and predators. Here we explore a potential association between Actinobacteria 28 and two species of fungus-farming ambrosia beetles, Xyleborinus saxesenii and Xyleborus 29 affinis. We isolated and identified actinobacterial and fungal symbionts from laboratory reared 30 nests, and characterized small molecules produced by the putative actinobacterial symbionts. 31 One 16S rRNA phylotype of Streptomyces (XylebKG-1) was abundantly and consistently 32 isolated from the nests and adults of X. saxesenii and X. affinis nests. In addition to Raffaelea 33 sulphurea, the symbiont that X. saxesenii cultivates, we also repeatedly isolated a strain of 34 Nectria sp. that is an antagonist of this mutualism. Inhibition bioassays between S. griseus 35 XylebKG-1 and the fungal symbionts from X. saxesenii revealed strong inhibitory activity of the 36 actinobacterium towards the fungal antagonist Nectria sp. but not the fungal mutualist R. 37 sulphurea. Bioassay guided HPLC fractionation of S. griseus XylebKG-1 culture extracts, 38 followed by NMR and mass spectrometry identified cycloheximide as the compound responsible 39 for the observed growth inhibition. A biosynthetic gene cluster putatively encoding 40 cycloheximide was also identified in S. griseus XylebKG-1. The consistent isolation of a single 41 16S phylotype of Streptomyces from two species of ambrosia beetles, and our finding that a 42 representative isolate of this phylotype produces cycloheximide, which inhibits a parasite of the 43 system but not the cultivated fungus, suggests that these actinobacteria may play defensive roles 44 within these systems.
Introduction 46
Ambrosia beetles are a diverse group of insects (~3,400 species) that cultivate fungi for food [1, 47 2]. Adult beetles generally bore into dead or dying trees, establishing a nest in the xylem. They 7 in a biosafety cabinet. Briefly, the nest inside the solid rearing substrate was shaken out of the 137 tube and tunnel-wall material containing the layer of the mutualistic fungus (henceforth termed 138 nest material), as well as individuals were collected with sterile metal probes / tweezers from the 139 exposed tunnels. X. saxesenii nest material (0.05 g per sample), adults (2 pooled individuals per 140 sample), and larvae (5 pooled individuals per sample) were sampled; only nest material (0.05 g 141 per sample) and adults (2 pooled individuals per sample) were sampled from X. affinis. All 142 samples were chosen at random and homogenized in 500 µL of autoclaved, 0.22 µm filtered, 143 deionized water; 100 µL of each was evenly spread on dried chitin agar plates (15 g agar, 3 g 144 chitin, 0.575 g K2HPO4, 0.375 g MgSO4 x 7H2O, 0.275 g KH2PO4, 0.0075 g FeSO4 x 7H2O, 145 0.00075 g MnCl2 x 4H2O, and 0.00075 g ZnSO4 x 7H2O dissolved in 750 mL deionized water) 146 in duplicate and allowed to dry before wrapping with parafilm. Plates were incubated at 30 °C 147 for three weeks, after which colony forming units (CFUs) were counted and eight of each 148 morphotype per plate were transferred to yeast malt extract agar (YMEA: 4 g yeast extract, 10 g 149 malt extract, 4 g dextrose, and 15 g agar dissolved in 1 L). Colonies on YMEA plates were 150 allowed to grow at 30 °C for two weeks, visually inspected for morphological properties 151 characteristic of Actinobacteria, and sub-cultured as necessary to obtain pure cultures. Three 152 0.05 g samples of artificial medium from tubes that were not inoculated with beetles were also 153 plated in duplicate on YMEA without antibiotics to screen for contamination and possible 154 presence of Actinobacteria in the beetle medium. All media used for actinobacterial isolation had 155 filter-sterilized cycloheximide (0.05 g/L) and nystatin (10,000 units/mL) added after autoclaving 156 and cooling to suppress fungal growth.
Fungal isolations. Fungal symbionts were isolated from three X. saxesenii nests, sampled three 159 times each. X. affinis were not sampled for fungi. Nest material was scraped using a sterile metal 160 probe and inoculated on potato dextrose agar plates (PDA; Difco, Sparks, MD) with penicillin 161 (0.05 g/L) and streptomycin (0.05 g/L) added after autoclaving and cooling to suppress bacterial 162 growth, and incubated at 30 °C for one week. During incubation, fast growing fungi were sub-163 cultured onto fresh PDA plates and the agar on which they grew was fully removed to prevent 164 overgrowth of the entire original isolation plate. Two different fungi were obtained in pure 165 culture by successive rounds of scraping a small amount of material from the edge of each 166 colony and then plating on individual PDA plates.
167 168 DNA sequencing. The 16S rRNA gene was sequenced from eight Actinobacteria isolates 169 obtained from both X. saxesenii and X. affinis for a total of 16. In an effort to maximize the 170 possibility of capturing any phylogenetic diversity, and thereby discover if multiple species were 171 present, the strains that were sequenced were chosen based on morphological differences rather 172 than origin. Only two morphologies were observed with the only differences being that the 173 spores of one morphology were slightly darker than the other. The 16S rRNA gene PCR primers 174 used were the Actinobacteria-specific F243 (5'-GGATGAGCCCGCGGCCTA-3') and R1378 (5'-175 CGGTGTGTACAAGGCCCGGGAACG-3') [53] , and in separate reactions the general bacterial 176 primers pA (5'-AGAGTTTGATCCTGGCTCAG-3') and pH (5'-177 AAGGAGGTGATCCAGCCCGCA-3') to increase coverage length [54] . The cycle parameters 178 used for each primer set was similar to those above except the annealing temperatures were 58 179 °C and 54 °C, respectively, and the elongation time was 95 s for primers pA and pH. Each PCR 180 reaction was composed of 12.5 μl GoTaq (Promega), 1 μl of template DNA, and 40 μM of each primer in a final volume of 25 μl. The EF-α and 18S rRNA genes were sequenced for two each 182 of the isolated Raffaelea sulphurea and the putative antagonistic fungus Nectria spp. DNA was 183 extracted as previously described [50] . PCR primers NS1 (5'-GTAGTCATATGCTTGTCTC-3') 184 and NS4 (5'-CTTCCGTCAATTCCTTTAAG-3') were used to amplify the 18S griseus XylebKG-1 like strain (see results) isolated from each of the three X. saxesenii nests and 203 both isolated fungal species by first inoculating the Actinobacterium in the center of a PDA plate 204 and allowing it to grow for two weeks. A small amount of test fungus was then inoculated at the 205 edge of this Petri plate and grown at 30 °C for two weeks, after which a zone of inhibition (ZOI) 206 was determined by measuring the shortest distance between the bacterium and the fungus. PDA plates for 5-10 days. Seed biomass for 1 L cultures was produced by adding 1 cm 2 of a 238 single mature PDA culture to three 500 mL Erlenmeyer flasks containing 85 mL modified yeast 239 peptone maltose medium (YPM: 2 g/L yeast extract, 2 g/L bactopeptone, 4 g/L D-mannitol).
240
These were incubated at 28 °C with shaking at 250 rpm for 48 h. Twenty-five ml of each culture 241 was added to eight 1 L of YPM in 4 L Erlenmeyer flasks and incubated for 72 h at 28 °C with 242 shaking at 250 rpm. Supernatants and mycelia were processed separately after cultures were 243 centrifuged at 7000 rpm for 30 min. Culture supernatants were adjusted to pH 6 and extracted 244 twice with an equal volume of ethyl acetate. After evaporation in vacuo, residues were 245 resuspended in 2 mL MeOH/H2O (8:2). Mycelia were lyophilized and each extracted with 50 mL 246 acetone and 50 mL methanol. After evaporation in vacuo, crude extracts were resuspended in 247 2 mL methanol. Crude supernatant and mycelium extracts were tested for inhibition of Nectria 248 sp.; only the extracts of the crude supernatant showed significant assay activity. Crude supernatant extracts were purified using a 2 g pre-packed C18 Sep-Pak resin and fractionated by 250 eluting with a gradient of pure water to pure methanol. The pure water flow through and 10% 251 methanol fractions exhibited the highest anti-Nectria activity. These fractions were therefore mannitol media (20 g/L soy meal, 20 g/L mannitol), starch-glucose-glycerol media (10 g/L 264 glucose, 10 g/L glycerol, 10 g/L starch, 2.5 mL/L cornsteep liquor, 5 g/L casein-peptone, 2 g/L 265 yeast extract, 1 g/L NaCl, 3 g/L CaCO3), ISP1 media (5 g/L pancreatic digest of casein, yeast 266 extract 3 g/L), ISP2 media (4 g/L yeast extract, 10 g/L malt extract, 4 g/L dextrose), 1187 media 267 (10 g/L starch, 2 g/L (NH4)2SO4, 1 g K2HPO4, 1 g/L MgSO4·7 H2O, 1 g/L NaCl, 2 g CaCO3, 268 5 mL/L trace element solution) for 7 days at 30 °C. All plates were extracted with ethyl acetate. of commercial cycloheximide (100 µg, 50 µg, 20 µg, 10 µg, 5 µg, 2 µg, 1 µg) and 294 dihydromaltophilin (5 µg, 2 µg, 0.5 µg, 0.2 µg). These 96-well plates were incubated for 72h at 30 °C, after which the optical density was measured at 600 nm using a SpectraMax M5® Plate 296 Reader. Naramycin B (2) and actiphenol (3) To determine the antifungal activity of cycloheximide (1) and dihydromaltophilin (4) in an agar 300 plate dilution assay, Nectria sp. and R. sulphurea were grown in 20 mL liquid potato dextrose 301 media for 7 and 21 days, respectively, at 30 °C while shaking at 250 rpm. One mL of each 302 culture was used to inoculate PDA plates. Paper disks (6 mm diameter) were soaked with 303 solutions of 30 µL, 2 µL, 0.2 µL of 1 and 20 µL, 2 µL of 4, both in methanol (concentration 1 304 mg/mL), dried, and applied to the surface of the agar plates. Plates were grown at 30 °C for 5-7 305 days, when inhibition zones were recorded. At least one CFU having a morphology consistent with Actinobacteria was observed from 72% 318 of adults, 33% of larvae, and 61% of nest samples from X. saxesenii (Table 1) . On average more 319 Actinobacteria were cultured from nests than adults or larvae, with mean ± SEM CFUs/sample 320 of 110 ± 56, 3.4 ± 1.4, and 1.1 ± 0.6, respectively ( Fig. 1 : Single factor ANOVA P = 0.0582). No 321 growth of Actinobacteria was observed from media not inoculated with beetles (Table 1, Fig. 1 ).
322
Thus, the medium serving as a possible source of bacterial isolates can be eliminated. All isolates 323 had similar morphologies and growth patterns. Isolations from X. affinis nests and adults also 324 resulted in CFUs of a single actinobacterial morphotype similar to that isolated from X. (1,123 bp) from all 16 were 100% identical and were most similar to that of Streptomyces 333 griseus subsp. griseus NBRC13350 [NC_010572.1] when BLAST searched against the NCBI nr 334 database, a result confirmed by phylogenetic analysis (Fig. 2, supplemental Fig. 1) . A phylogeny 335 constructed using the genome sequence for one of these strains, S. griseus XylebKG-1 336 (XylebKG-1) isolated from X. saxesenii [NZ_ADFC00000000.2] confirmed the close 337 relationship between this strain and Streptomyces griseus subsp. griseus NBRC13350 338 [NC_010572.1], generating a tight clade in all bootstrap replicates produced (Fig. 3) . This is 339 consistent with their high genomic similarity suggested previously using average nucleotide identity [48] . Note that although the progressive Mauve algorithm aligns both genomes as one 341 homology block (except for the extreme 5' and 3' ends), this block contains some regions of 342 negligible sequence homology. These regions typically represent secondary metabolite 343 biosynthetic gene clusters of unknown function that are not conserved between these two 344 genomes (data not shown). Our work supports a symbiosis between the S. griseus XylebKG -1clade and X. saxesenii 361 ambrosia beetles. First, strains were consistently isolated having the same culture morphology 362 from nests, larvae, and adults, and a random subset of these had 100 % identical 16S rRNA sequences. Second, Actinobacteria were found to be very abundant within the nest material bodies, as artificial medium was sterile and beetles were surface sterilized before being allowed 370 to initiate nests. Fourth, the isolation of the XylebKG-1 Actinobacteria 16S phylotype from X. 371 affinis further supports an association with ambrosia beetles, and suggests its potentially wider 372 phylogenetic distribution within these insects. sequencing. This fungus has been repeatedly isolated from X. saxesenii and is known as the main 378 cultivar of this beetle [4, 9, 71] . The second fungus we isolated was identified as a close relative 379 of the ascomycetous genus Nectria based on 18S rRNA and EF-α gene sequences and both 380 BLAST and phylogenetic analyses (Fig. 4) The potential of S. griseus XylebKG-1 as a defensive mutualist 398 To explore the potential that S. griseus XylebKG-1 function as defensive symbionts of X. 399 saxesenii, S. griseus XylebKG-1's ability to inhibit the growth of R. sulphurea and Nectria sp. Because the alteration of growth media frequently results in a substantially changed metabolite 429 pattern, a switch in growth media can be utilized to explore the metabolic potential of bacterial 430 strains. In the case of S. griseus XylebKG-1, cultivation in PD and ISP4 resulted in the biosynthesis of an additional antifungal metabolite. After isolation by preparative HPLC, the 432 molecular formula C29H40N2O6 (determined by HR-ESI-MS) and NMR data identified the 433 compound as dihydromaltophilin (4) [68] . dihydromaltophilin production inhibits the growth of both Nectria sp. and R. sulphurea. The 488 production of dihydromaltophilin under only a few growth conditions could suggest that it does 489 not have an active role in the ambrosia beetle system, but rather is a remnant from before S. 490 griseus XylebKG-1 became associated with these beetles. In this regard it is worth noting that 491 dihydromaltophilin analogs were found at low expression levels in the Dendroctonus frontalis 492 system [76] . Alternatively, dihydromaltophilin production may be regulated to avoid inhibition 493 of R. sulphurea, or selected for activity versus other organisms not considered in this study. In this study we consistently isolated a single Streptomyces morphotype and phylotype from both 497 X. saxesenii and X. affinis that inhibited the growth of the parasitic fungus Nectria sp., but not 498 the mutualistic R. sulphurea, likely via the production of cycloheximide. Its ubiquity suggests 499 that XylebKG-1 may be a defensive mutualist of these ambrosia beetles that inhibits the growth of all but a few fungi, including its mutualistic fungal food source. Future studies should include 501 natural nests collected from a wider range of species and geographies to establish the breadth and 502 prevalence of XylebKG-1 in bark and ambrosia beetle nests [28] . These studies should also 503 include greater phylogenetic power as 16S r RNA gene analyses is not sufficient to resolve 504 species within the S. griseus clade [79] . Cycloheximide should be assayed in vivo to confirm the 505 relevance of its in vitro activity, and any other compounds also produced determined in vivo 506 (e.g., those produced by the biosynthetic gene cluster adjacent to the cycloheximide cluster), if 507 they exist. Furthermore, the presence and activity of XylebKG-1 may also vary during beetle 508 development, e.g., cycloheximide may be used to clear new nests of contaminating fungus in 509 preparation for the agricultural symbiont. The antibiosis of cycloheximide includes a large non-510 specific range of fungi and as such other fungal symbionts, aside from Nectria sp., may also be 511 inhibited. We have identified a putative defensive Actinobaterium and an antagonistic fungal 512 symbiont in two ambrosia beetles, potentially expanding the interactions from bipartite to 513 quadripartite. 
